In explaining osmotic movement of water. it is customary in plant physiology to regard water movement between cells as taking place along gradients of diffusion pressure deficit or suction force. Efforts to describe water movement quantitatively are based on the assumption that the rate of water movement between two cells should be proportional to the difference between the diffusion pressure deficits (or suction forces) of the two cells. The purpose of this paper is to consider some aspects of the theory of osmotic water movement which arise out of this elementary rate problem, and indicate some fundamental difficulties in the concepts currently in use. First we shall examine critically the meaning of the concepts "suction force" and "diffusion pressure deficit". Then their applicability as parameters of osmotic water movement will be considered. Finally, the value of rate measurements in indicating the mechanism of osmosis will be reviewed, and a hypothesis concerning the mechanism of osmotic flow will be presented.
SUCTION FORCE. The suction force of an osmotic unit such as a cell, is defined (1, 54) in two distinct ways. First, it is taken to be equal to the osmotic potential of that solution which, at atmospheric pressure, would be in osmotic equilibrium with the unit in its existing state. By osmotic potential (H1, atm)2
we mean the pressure which would have to be applied to a solution to maintain osmotic equilibrium between it and pure water, through an ideal semipermeable membrane. The term "osmotic potential" is used for this potential pressure, commonly called "osmotic pressure", to minimize confusion between it and actual existing hydrostatic pressure, designated P (atm). Second, the suction force (S) of an osmotic unit is stated (1, 54) to have the value S=II-P I HI and P refer to osmotic potential and pressure within the osmotic unit. This equation usually is not ac-curately justified, so that the student is obliged to accept on faith that S defined by equation I has the same value as when defined by the equilibrium criterion first mentioned. The meaning of equation I can be seen by comparing its transposed form P1 = I1-S1 II with the demonstrable fact that the pressure required to maintain osmotic equilibrium between two solutions must be equal to the difference in their osmotic potentials,
PI = l -12III
(This relationship is readily derived from the basic equation for osmotic equilibrium, equation IV, to be discussed below.) It is thus seen that S, must have the same value as H2, the external solution which would be in equilibrium with osmotic unit 1 with its osmotic potential H1, and pressure Pl. Equation I is, therefore, consistent with the experimental definition of S first mentioned; it defines a state of the osmotic unit useful in predicting whether or not equilibrium can obtain between it and any second unit. From equation II it is readily shown, in a manner similar to that used above for an external solution, that any two osmotic units can be in equilibrium if and only if they have the same value of S. Diffusion pressure deficit is widely accepted as having the same meaning and quantitative value as suction force. A different concept is involved, however, which must now be examined.
DIFFUSION PRESSURE. Osmosis is commonly held by plant physiologists to be a diffusion process, which may explain why the terms to be discussed are so popular. Diffusion pressure deficit is defined as follows:
"Diffusion pressure deficit of water . . . . is the amount by which its diffusion pressure is less than that of pure water at the same temperature and under atmospheric pressure" (34) .
Diffusion pressure is a hypothetical quantity which is supposed to govern the rate of diffusion out of a solution. The quantitative basis of diffusion pressure, according to modern usage throughout plant physiology, is the same parameters as are used to define S. This is shown, for example, by the statement, "The osmotic pressure is an index indicating quantitatively the amount by which diffusion pressure of water in the solution is less than that of pure water at the 783 PLANT PHYSIOLOGY same temperature and under atmospheric pressure" (34) .
A consequence of basic considerations in thermodynamics, which may be found in any modern treatise of the subject, is that the pressure (15) . cannot be a diffusion pressure deficit. The concept is simply not valid.
The idea of diffusion pressure as explaining osmosis was originated by Haldane (20) , whose theoretical work is cited as the basis for introducing the concept of diffusion pressure into plant physiology (33) . would increase without limit into perfectly dry air, whereas in fact it should never be more than about twice the rate found in air of 50 percent relative humidity (other conditions constant).
There is another factor involved in transpiration rates which S' difference cannot cope with, and which is particularly significant at high relative humidities where S' and diffusion gradients are nearly proportional. This is that in sunlight, the temperature of the leaf can be higher than that of the surrounding air, increasing the internal water vapor pressure of the leaf and therefore the diffusion gradient outward; this effect is much larger than the small effect (proportional to absolute temperature) on S' of the leaf, hence it is possible with nearly the same S' difference to have quite widely different transpiration rates.
Therefore, transpiration cannot correctly be included in equation VI. A kinetically reasonable expression for transpiration rate must be based on diffusion coefficients and water vapor pressures (48) not on S'. Suction force of the air is useful only in evaluating states of equilibrium, that is, of zero transpiration.
OSMOSIS AS A DIFFUSION PROCESS. Regardless of whether or not a net movement of water is occurring, diffusion takes place continually across a membrane permeable to water, in the sense that water molecules are constantly moving through it in both directions. If osmotic water movement across a membrane is due to diffusion, it must represent the difference between diffusional movement of wvater molecules in one direction and in the other. A simple way of evaluating the molecular flux in one direction is to imagine diffusion from water or a solution into pure solute, as with the glycerol example considered above. We shall start with evaporation of solvent from a solution, which is proportional to the partial vapor pressure of the solvent and hence, for an ideal solution, proportional to the mole fraction (X) of solvent in the solution, according to Raoult's Law. Diffusion of solvent across a membrane into pure solute is an analogous phenomenon, and for an ideal solution the rate of outward dliffusion (d) should be proportional to solvent mole fraction (X) and membrane area (A), and inversely proportional to membrane thickness (1) atm ' min-1, and the ratio ko/kd = 2.6 X 10-2 atm -'.
The computed values of KO/Kd fall in the range 4 to 44 X 10-3 atm-1, as compared with 7.5 X 10-4 expected on the basis of the diffusion hypothesis. Although in all cases but the first one, osmotic and diffusion permeabilities were not measured at the same time with the same object; and while in every case there are uncertainties about some of the values used, the comparisons are nevertheless in agreement in indicating that KO/Kd is several times larger than anticipated.
Among the possible reasons for this is the extent to which the actual situation deviates from one in which the approximations used in deriving equations XIV and XV hold good. The most serious deviation is likely to be from the assumption, made in deriving equation XV, that change in cell volume is exactly proportional to change in turgor pressure (41) , since this can be far from correct (52) . ' (40) have accounted for this by concluding that osmosis is not a diffusion process, as so often assumed in plant physiology, but takes place instead by bulk flow of water through pores in the membrane. It is assumed that if the membrane has pores through which water flow can be caused by a hydrostatic pressure difference across the membrane, then under a difference of osmotic potential the membrane will behave as if an equivalent pressure difference existed across it. With artificial membranes it has been proved conclusively that osmotic water movement does occur much more rapidly than by diffusion, and as rapidly as under an equivalent hydrostatic pressure difference (31, 32) . By assuming, as has been done for many years in treating flow through artificial membranes, that the pores are cylindrical and that water flow through them can be described by Poiseuille's law, average pore radii have been calculated, from Ko and Kd values, for several animal membranes, in careful work by Solomon and collaborators (16, 38, 49, 58) . It is interesting to note that as long ago as 1930 Huber and Hofler (25) , who considered osmotic water movement through plant membranes as a flow rather than a diffusion, attempted to calculate radii for pores in the Salvinia cell membrane by using a formula which had been worked out for artificial membranes.
CAUSE OF FLOW THROUGH MEMBRANES. It is
not obvious that a concentration difference across a membrane should have the same effect as a pressure difference, and thus lead to flow rather than diffusion of water through pores in it. Chinard (7, 8) (14) and Harris (21) also reject the idea of bulk flow through cell membranes, stating that Poiseuille's law should not hold in channels of molecular dimensions.6 No physical explanation of why water flow should occur under a concentration difference seems to have become widely accepted. This section presents a proposal about the mechanism of osmotic water movement from which, it is felt, the occurrence of water flow through membranes having pores can be seen to be natural and inevitable.
We shall consider, as shown in figure 3a , a membrane of thickness 1, containing pores of radius b, which allow the entry of water but not of osmotically active solutes present in the adjacent solutions. If, first, pure water is present on both sides of the membrane, and isotopically labelled water is introduced on one side, it will diffuse through the membrane along a concentration gradient (c1 -c2)/1. If, however, an osmotic solution is placed on one side (c9) and pure water at the same pressure on the other side (c1), it is seen that the concentration gradient is, effectively, restricted to the aperture of the pore opening into c9, since only water, not solute, can pass into the pore. The distance over which the concentration changes from c2 to pure water will be about the same as the pore radius b, since solute molecules which are, for example, larger than the pore aperture will not be able to penetrate any farther into the pore. Thus, for a given difference in water concentration induced osmotically, the concentration gradient will be steeper, and diffusion will tend to be more rapid, than for labelled water in proportion as 1 is larger than b. If the pore presented little resistance to water flow, water would flow into and through the pore from c1 as fast as it diffuses out along the concentration gradient into c, at the pore aperture, so causing osmotic water movement to take place by bulk flow and to be more rapid than can be accounted for by measuring diffusion of water across the membrane.
However, with thick artificial membranes, and probably with natural membranes as well, the relation between b and 1 is such that considerable viscous resistance to water flow is offered by the pore. Rather than preventing water flow, this proves to be the feature by which pressure effects and osmotic effects become closely comparable, as we shall now see. Diffusion of water from within the pore aperture into c9, if not compensated for by flow from c, will result in a decrease in the volume of water within the part of the pore adjacent to the aperture, and hence a decrease in pressure there. Thus there arises 6 Harris (21) offers an explanation for the discrepancy between measured rates of osmosis and water diffusion which is, actually, a proposal that bulk flow through pores is driven by differences in molecular bombardment at the two ends of the pore. Diffusion out of the pore aperture into c2 can be described by equation XI or, more simply, with its approximate form, equation XIV. -If we call AP the pressure drop within the pore aperture and remember that there is only water within the pore, then the rate of diffusion of water through the aperture will be Ak'WV If diffusion equilibrium practically prevails at the pore aperture next to c2, it should do so also at the aperture next to cl, so if cl is now an osmotic solution, the pressure drop induced within the length of the pore should be equal to the difference in pressure drops AP which arise at its two apertures, or equal to 112 -III It thus becomes apparent why an osmotic potential difference should cause the membrane to behave as if a comparable hydrostatic pressure difference existed across it. The rate of water movement through the pore will be equal to the water flow and diffusion induced along its length by the total pressure difference between its ends, this being the pressure difference induced osmotically plus any hydrostatic pressure difference between the two solutions, so from equation XIX, difference fl2 -H, (the denominator in equation XX being greater than one), it appears that the rate of osmotic water movement must be less than the water flow under a numerically equal hydrostatic pressure difference, so that equation V would not hold true.
The limiting case, where &P approaches zero, was the case discussed initially in this section. Actually, the pore dimensions in which this situation could arise (table I) are mostly such as to make the membrane rather or very permeable to dissolved substances, a situation which would also decrease osmotic flow in comparison with pressure flow, as will now be discussed.
DIFFUSIBLE SOLUTES. The restricted diffusion permeability of a porous membrane to a solute7, compared to water, may be considered as the result of two effects:
I. Within the pores of the membrane, the diffusion coefficient of the solute (k's) is restricted, due to frictional hindrance to molecular movement, to a greater extent than is that of water (k',).
II. At the pore aperture entry of solute molecules is restricted, by comparison with water molecules, because molecules which impinge upon the pore aperture can enter the pore only if they are not deflected by striking its edge: for the larger solute molecules, a smaller fraction of the total pore area can be hit without involving collision with an edge, than for water molecules. This geometrical effect is discussed by Pappenheimer (40) . That fraction of the pore area available to water, which is not available to solute in consequence of this effect, will be called the reflection factor 4 for the solute. Its maximum value is one, in the case of a membrane completely impermeable to the solute, as in the preceding section.
Diffusional entry of molecules into the pore will be in proportion to the number of collisions with the The resulting solute mole fraction profile is diagrammed in figure 3c.
For ordinary solutions we may, as before, with sufficient accuracy take X, and X', equal to one.
Thus the difference in solute mole fraction outside and inside the aperture (X8 -X'%) will be 4 X.. Water will diffuse towards solution c2 along the resulting concentration gradient at the pore aperture, and, for the reasons given in the previous section, if the pore presents sufficient resistance to flow of solution, the pressure inside the aperture will fall until it differs from the pressure at c2 by the difference in osmotic potential; this difference is seen to be 1T2. Figure  3c shows the resultant pressure profile within the pore. Along the pressure gradient inside the pore a bulk flow of solution towards c2 will take place. As before, we shall assume this flow to be described by Poiseuille's law. The net volume movement from solution c1 (pure water) to solution c2 will be the sum of the forward flow of solution along the pressure gradient within the pore and the diffusion of water along the gradient of pressure and concentration within the pore, less the back diffusion of solute along its concentration gradient inside the pore: k'WV (P2-P1)}) RT X XXIV To obtain volume equilibrium between solutions 2 and 1 it would be necessary to impose such a pressure difference (P2-P1) that v = 0. This required pressure is called the "effective osmotic pressure" of solution c9, and from equation XXIV it is seen to be
The coefficient X will be called the "osmotic effectiveness" of the solute being considered. It (32) permeability data are given on the conventional concentration basis, rather than on the mole-fraction basis adopted here to simplify the treatment of pressure effects. Osmotic movement can be derived, using diffusion coefficients on a concentration basis, in a fashion similar to that employed above, yielding an expression for X slightly more complex than equation XXV. It seems likely that the real relationship should lie somewhere in between mole-fraction and concentration basis. In evaluating Meschia and Setnikar's data the concentration basis was adhered to.
The above interpretation of osmotic water movement is not basically dependent upon any of the simplifying assumptions made about the shape or path of the pores, or the applicability of particular diffusion coefficients or of Poiseuille's law to movement within pores. As has frequently been remarked, it is tinlikely that Poiseuille's law in unmodified form can accurately describe bulk flow through channels of molecular dimensions; which is not to say that bulk flow cannot occur, as has sometimes been implied.
but that the term b2/8,q in the equations should be replaced by some other term dependent on b and 7). Such departures from the simple assumptions used here are equivalent to having channels in the membrane related to b and I in the equations and in table I by some numerical factor. Furthermore, consider-
